An unusual 4f -superantiferromagnetic state characterized by simultaneous antiferromagnetic and spin-glass behaviors induced by particle-size reduction is revealed in metallic nanoparticles (≈9 nm) of TbCu 2 . The Néel temperature is 46 K and the glassy freezing is below ≈9 K and governed by a critical slowing down process. Neutron diffraction at 1.8 K establishes the superantiferromagnetism. The latter is settled by the nanoparticle moments and the freezing mechanism is provided by the surface spins. The family tree of magnetism is formed by several archetypal arrangements, which are manifestations of the more general physical order/disorder behavior found in various systems such as liquid crystals and superconductors. Indeed, antiferromagnetism (AF) and the glassy spin (spin glass, SG) state have been thoroughly described in numerous materials. [1] [2] [3] Other branches of such a tree are based on mictomagnetism (cluster glass) and superparamagnetism, the latter associated with magnetic nanoparticles. [1] [2] [3] [4] [5] The advent of new production techniques and research in new materials have spawned a variety of behaviors, consequences of competing magnetic interactions. In this sense, ferromagnets with reentrant state, 1, 2, 4, 6 superferromagnets, or superspin glasses 7-9 display new spin dispositions derived from the magnetic interactions.
The family tree of magnetism is formed by several archetypal arrangements, which are manifestations of the more general physical order/disorder behavior found in various systems such as liquid crystals and superconductors. Indeed, antiferromagnetism (AF) and the glassy spin (spin glass, SG) state have been thoroughly described in numerous materials. [1] [2] [3] Other branches of such a tree are based on mictomagnetism (cluster glass) and superparamagnetism, the latter associated with magnetic nanoparticles. [1] [2] [3] [4] [5] The advent of new production techniques and research in new materials have spawned a variety of behaviors, consequences of competing magnetic interactions. In this sense, ferromagnets with reentrant state, 1, 2, 4, 6 superferromagnets, or superspin glasses [7] [8] [9] display new spin dispositions derived from the magnetic interactions.
The coexistence of ferromagnetism (FM) and spin glass has been evidenced through the Curie transition and a further SG freezing at lower temperatures. This finding could be observed in either crystalline 1, 4 or amorphous materials. 6, 10 Surprisingly, that coexistence has been sparsely reported for the AF-SG arrangements. [11] [12] [13] [14] [15] 12 insulating materials of Co 2 (OH)(PO 4 ), 13 and Heisenberg perovskites of Pb(Fe 1/2 Nb 1/2 )O 3 14,15 have been delivered. The phenomenal research output from magnetic nanoparticles ignited the idea of producing such AF-SG coexistence by a structure comprising a collection of AF nanoparticles. The AF nanoparticles present a weak ferromagnetic component due to uncompensated spins and have been studied in the form of (pseudo)oxides. 7, 16 This gives rise to what Néel coined as superantiferromagnetism of individual particles. 17 In nanometric TbCu 2 , one counts with the advantage of a high magnetic Tb signal, a Néel transition (T N ) below room temperature, and the possibility to produce them in large quantities (suitable for neutron diffraction) via high-energy milling. 18 In bulk state, TbCu 2 crystallizes in the I mma symmetry (orthorhombic, CeCu 2 -type crystal structure) and orders at T N = 48 K 19 with a collinear AF structure. 20 Seizing the particle size (D) as the driving variable to induce spin rearrangements, we report here the existence of a macroscopic AF with a reentrant SG state in nanosized TbCu 2 alloys.
A large ( 5 g) quantity of nanometric TbCu 2 was produced by high-energy mechanical (WC containers) milling in Ar atmosphere (99.99%) during 2 hours. 21 The master alloy was annealed at 750
• C for 5 days to ensure homogeneity prior to milling. In Fig. 1 , the x-ray diffraction pattern performed at RT (Cu-Kα λ = 1.5418Å) is shown. The pattern has been refined by the Rietveld method (FULLPROF 22 ) including the resolution function with a LaB 6 calibration. The fit was carried out with a Thompson-Cox-Hastings function, allowing the calculation of the particle size (D) and strain ( ). The result indicates that the I mma symmetry of the bulk alloy is retained and that the lattice parameters a = 4.322(1)Å, b = 6.833(2)Å, and c = 7.327(2)Å are similar to those of the bulk alloy. 19 The Bragg error R B = 14.6% is low for a nanostructure. The size D = 9(1) nm and = 0.2(1)%. Thus, the grinding time to obtain nanoparticles is small compared to other milled RE intermetallics. 21 The structural characterization was completed via transmission electron microscopy (TEM). The inset of Fig. 1 shows a bright-field image of TbCu 2 nanoparticles with a sharp surface and absence of amorphous environments, and the high-resolution detail in which lattice planes are visible confirms the particle crystallinity. A histogram analysis gives D TEM = 7(1) nm.
The static magnetic characterization M DC (T ) was recorded in zero-field cooled (ZFC) and field cooled (FC) curves, and the loops M DC (H ) (T = 5 K), including the initial magnetization at T = 5 and 150 K. In Fig. 2 (H = 1 kOe) , the first manifestation of the PM ↔ AF ↔ SG transitions is patent. Thus, there is a peak at T N = 46.8(5) K, followed by an increase of the susceptibility reaching another peak at a lower temperature, marking the freezing transition T f = 9.2(2) K. PHYSICAL Simultaneously, an irreversibility appears for T 40 K. These two findings disclose the magnetic reentrance. We have also applied different fields (H 10 kOe) to this ZFC-FC process and have plotted (see inset of dependence, indicating that the glass temperature follows the de Almeida-Thouless line. This dependence was reported in bulk Pb(Fe 1/2 Nb 1/2 )O 3 , where a coexistence of AF and SG order is put forward. 15 In nanomagnets it has been found in γ -Fe 2 O 3 (ferrimagnetic) and ascribed to the canting of the particle surface spins. 23 The linear fit in the 1/χ vs T Curie-Weiss plot provides θ P = 19(1) K, and a value of the paramagnetic moment m eff = 9.83(5) μ B , which compares well with the Tb 3+ effective moment (9.72 μ B ). Here θ P > 0, in contrast to the bulk alloy value (θ P = −7 K), 19 revealing that the milling is triggering a weak FM coupling. The latter is necessary for the FM-AF frustration. 2, 4 The ordered magnetic arrangement is robust against hydrostatic pressure (P ) variations. In Fig. 2 (top inset) the ZFC M DC (T ) curve under P = 1.1 GPa is plotted. The Cu-Be pressure cell is inside a SQUID magnetometer and the value of P was extracted from the superconducting transition of Sn. The effect of P is negligible in T N (P )/T N (P = 0) = 0.2% but T f (P )/T f (P = 0) = −15% is significant; the SG state is influenced by thermal and field history, 2,4 and thus by external pressure. These transition temperatures are larger than in Fe 0.55 Mg 0.45 Cl 2 (T N = 7.5 K, T f = 3 K), 11 and for the most recent Pb(Fe 1/2 Nb 1/2 )O 3 , T N = 7.5 K and T f = 3 K. 15 In Co 2 (OH)(PO 4 ), T N = 70 K, T f = 15 K. 13 In Fig. 3 21 presumably due to the spin canting on the surface. 16, 23 Note that bulk TbCu 2 is affected by a large anisotropy which complicates the determination of the saturation magnetization. 24 The lack of saturation in the bulk alloy is confirmed in the bottom inset of Fig. 3 . The extrapolation of the high-field magnetization to H = 0 gives M nano /M bulk ≈ 80%, hence a sign of the reduced contribution caused by moments at the surface. Another point is the existence of a kink around H = 20 kOe. This is a change of slope which is worth comparing to the M DC (H ) response in bulk TbCu 2 (see bottom inset of Fig. 3) . There, the kink is more pronounced and corresponds to the metamagnetic transition of AF. The outcome is that the AF is still present within the SG region. Regarding the presence of coercivity (H C = 260 Oe), which is also observed in SG systems, 2,4,13 it should be noted that AF compounds should not display coercivity due to the absence of domains. The reentrant Co 2 (OH)(PO 4 ) shows H C 50 Oe. The spin dynamics was studied with an oscillating field h = 1 Oe and the frequency was varied between f = (ω/2π ) = 10 Hz and 10 kHz. In Fig. 4 , the real [χ (T )] and complex [χ (T )] components of the AC susceptibility are plotted for several frequencies. The shape of the χ (T ) curve is similar to the ZFC M DC (T ). There is a main peak at 46.0(5) K marking the T N , practically frequency independent, and a smaller contribution, with a broad rounded peak which shifts up in temperature and decreases in magnitude with higher frequency, corresponding to T f (ω). In the case of χ (T ), the Néel transition is nearly absent, marking the onset of antiferromagnetism, while the low T f peak is observable showing, as for χ (T ), a ω shift. This shift is commonly quantified as δ = T f /T f log 10 ω = 0.057(3) (see bottom inset of Fig. 4 ). This value is larger than that of the individual spins in Co 2 (OH)(PO 4 ) (δ = 0.0024). 13 If the magnetic relaxation of the particles were independent, a δ = 0.1-0.2 is expected. 4, 8 In ideal SGs the relaxation is faster and the values are much lower; 2 for ferromagnets with reentrant state δ = 0.01 (in crystalline FeAu 4 ) and δ = 0.013(2) with data from amorphous (Fe 0.20 Ni 0.80 ) 75 P 16 B 6 Al 3 . 10 An intermediate metallic case is observed in super-SGs, as that of Fe 24 Ag 76 with single-domain ferromagnetic Fe nanoparticles, where δ = 0.010 (1) . 9 Assuming that the spins participating in the freezing follow a critical slowing down, the measuring time τ m :
−zv , where zv is the dynamic exponent. Our analysis reveals a large τ 0 = 1.3(5) × 10 −5 s, as that (10 −6 s) discussed in Fe-C (4.7 nm) nanoparticles, 5 T 0 = 9.6(4) K, and zv = 5.7(1.1) (top inset of Fig. 4) . The zv value is close to reentrant FM and super-SG systems. So far the existence of macroscopic AF and SG states is clear. However a microscopic magnetic structure analysis is required; this has been carried out by neutron diffraction in Laboratoire Léon Brillouin (G4.1 instrument) with λ = 2.423Å. In Fig. 5 , the neutron pattern at T = 1.8 K < T f ,T N , is shown together to a total Rietveld refinement. 22 The lattice parameters are smaller: a = 4.3176(1)Å, b = 6.7842(9)Å, and c = 7.2990(7)Å, than the XRD ones at 300 K. The size calculation yields similar D nuclear = 9(1) nm and D mag = 10(1) nm values, establishing that the magnetic structure is a single domain in the particle. 16, 25 A rough estimation assuming the ratio of surface atoms (N s ) with respect to those in the total volume (N V ) through N s /N V = (6a/D) ≈ 40%, remarking the role of surface spins and supporting the surface moment reduction, although it only includes geometrical effects. A crucial result is that the magnetic structure (right inset of In fact the neutron magnetic intensity reduction (≈78%) at T = 1.8 K, considering the (neutron) bulk m = 8.8 μ B , 20 also points to a disordered environment, affected by the decrease of surface coordination with respect to the atoms in the particles. 16 Another revealing result is observed in Fig. 6 . This is the existence of a clear 2θ < 15
• low-angle scattering. The low-angle scattering increases with decreasing temperature evidencing magnetic correlations with an interparticle length scale. The Q range is limited (0.1Å −1 < Q < 0.7Å −1 ) but the variation of the integrated intensity confirms this result (left inset, Fig. 6 ). This is a sign of the existence of interparticle correlations. It is likely that reducing the Q range would allow the precise determination of the coherence lengths involved. 28, 29 In short, there is an AF order within the percolating magnetic moments inside the particles (see sketch in Fig. 6 ).
In the few AF systems with a reentrant SG state, [11] [12] [13] [14] [15] the combination of frustration and random bonds gives rise to the freezing. The Sherrington-Kirkpatrick model predicts that long-range ferromagnetism is always present but, for T T f , there exists a replica symmetry breaking resulting in the coexistence of FM and SG states. 26 Fig. 4 , and predicting SG ↔ PM transitions. 27 However, here the particle size is much larger.
In our rare-earth alloy nanoparticulate system, the major AF coupling is held within the AF nanoparticles in a superantiferromagnetic arrangement and the uncompensated spins of both sublattices provide a source for randomness at the particle surface. As a result, a thin layer of random spins favors the SG behavior. It should be noted that although our experimental evidence is providing a single domain coherence length for each particle, it would not be surprising that such a coherence length could cover a few particles of the randomly placed particles, increasing the range of the AF interaction. The exact definition of such range caused by the RKKY interaction merits further work via small-angle neutron scattering. The spin scenario resembles that of amorphous Fe-rich FeZr, where magnetic clustering is settled in a metallic arrangement, 6, 29 which presents a reentrant macroscopic signature, and that of the supermagnetism appearing in nanomagnetic particles. [7] [8] [9] Here, a fraction of spins forming the surface acts as a switch, enabling/disabling the coexistence, thus mimicking the variations of concentration in canonical and reentrant SGs. 2, 4, 6 In conclusion, we have defined the Néel transition and the freezing temperature due to the spins at the surface of TbCu 2 nanoparticles. The glassy transition does not hamper the AF state. The PM ↔ AF ↔ SG phases constitute a very attractive change of magnetic state in a metal. Consequently, the system should be considered as a superantiferromagnet with reentrant behavior assured by the nanoparticle surface. 
